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801

PROVIDE ATIME INTEERVAL MEASUREMENT TRANSCEIVER
IMPLEMENTING CDMA POSITHINED IN A CENTRAL GROUND STATION
COMPRISING A CLOCK MANAGEER, A TRANSMIT CHANNEL, ONE OR MORE
RECEIVE CHANNELS, AND AT LEAST ONE PROCESSOR EXECUTING
COMPUTER PROGRAM INSTRUCTIONS DEFINED BY MODULES OF THE
FPIME INTERVAL MEARUREMENT TRANSCEIVER

302

GENERATE A SAMPLING CLOCK FOR TRANSMITTING A MODULATED
INTERMEDIATE FREQUENCY (IF) SIGNAL AND PERFORMING BASEB AN
PROCESSING OF ONE OR MORE IF SIGNALS RECEIVED FROM ONE OR
MORE REMOTE GROUND STATIONS BY THE CLOCK MANAGER

303
GENERATE A SPREAD SIGNAL THAT {5 DIGITALLY PHASE MODULATED TGO
GENERATE AND TRANSMIT THE MODULATED IF SIGNAL BY THE TRANSMIT
CHANNEL BY MULTIPLYING A TIME FRAME DATA SIGNAL BY AFIRST
MIXER OF THE TRANSMIT CHANNEL WITH A PSEUDORANDOM CODRE
GENERATED BY ATRANSMISSION PSEUDORANDOM CODE GENERATIHON
MODLULE

: S84

GENERATE A TRANSMISKION TIME MEASUREMENT ON LATCHING OF A ‘
TRANSMIT CODE PHALE OF THE PSEUDORANDOM CODE, AND A
NUMBER OF CHIPS OF THE PSEUDQORANDOM CODE, A NUMBER OF CODE
PERIOCDS OF THE PSEUDCOGRANDOM CODE, AND A NUMBER OF BI{Th IN
THE TIME FRAME DATA HIGNAL UPCOUNTED IN TRANSMINSION
COUNTEES BY A TRANSMISSION TIME GENERATION MODULE WHEN A
LATCH MEASUREMENT SIGNAL [ RECEIVED FROM A LATCH EPOCH
GENERATION MODULE IN EACH OF THE RECEIVE CHANNELS

345

ACUHUIRE AND TRACK THE RECEIVED INTERMEDIATE FREQUENCY SIGNAL L/
FROM EACH OF THE REMOTE GROUND STATIONS

+ + +
+ +
+
+
+
+
+
+*
&
+
-
+
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RECEIVE IF TIME DATA SAMPLES FROM AN EXTERNAL INTERFACE UNIT
OF THE TIME INTERVAL MEASUREMENT TRANSCEIVER AND GENERATE
INPHASE COMPONENTS AND QUADRATURE PHASE COMPONENTS OF
THE RECEIVED IF TIME DATA SAMPLES BY MIXING THE RECEIVED (¥
TIME DATA SAMPLES BY ONE OR MORE SECOND MIXERS WITH A
CARRIER REFERENCE SIGNAL LOCALLY GENERATED BY A SINGLE
LOCAL CARRIER GENERATOR OF EACH OF THE RECEIVER CHANNEL®

S06

CORRELATE THE PSEUDORANDOM CODE IN THE RECEIVED IF TIME DATA RO
SAMPLES BY MULTIPLYING AND ACCUMULATING EACH OF THE
GENERATED INPHASE COMPONENTS AND THE GENERATED QUADRATURE |
PHASE COMPONENTS OF THE RECEIVED IF TIME BATA SAMPLES BY
MULTIPLE CORRELATORS WITH THREE OR MORE ARMS OF A REPLICA
PSEUDORAKNKDUOM CODE GENERATED BY ARECEPTHON PSEUDORANDOM
CODE GENERATION MODULE
508
GENERATE A RECEPTION TIME MEANUREMENT BY A RECEPTION TIME ‘
GENERATION MODULE ON LATCHING A RECEIVE CODE PHASE OF THE
REPLICA PSEUDORANDOM CODE, AND A NUMBER OF CHIPS OF THE
REPLICA PSEUDORANDOM CODE, A NUMBER OF CODE PERIODS OF THE
REPLICA PSEUDORANDOM CODE, AND A NUMBER OF BITS IN THE IF TIME
PDATA SAMPLES INMULTIPLE RECEPTION COUNTERS WHEN THE LATCH
MEASUREBEMENT SHGNAL IS RECEIVED FROM THE LATCH EPOCH
GENERATION MODULE

SHY
GENERATE THE LATCH MEASUREMENT SIGKAL ON OVERFLOW OF OKE
OF THE RECEPTION COUNTERS FOR GENERATING THE TRANSMISSIHON
TIME MEASUREMENT OF THE TRANSMIT CHANNEL AND THE RECEPTION
TIME MEARUREMENT OF EACH OF THE RECEIVE CHANNELS BY THE
EATCH BEPOCH GENERATION MODULE

3106
COMPUTE A TIME INTERVAL MEARUREMENT Ad HALF OF A DIFFERENCE
BETWEEN THE GENERATED TRANSMISSION TIME MEASUREMENT AND
THE RECEPTION TIME MEASUREMENT GENERATED BY FACH OF THE
RECEIVE CHANNELS BY A TIME INTERVAL MEASUREMENT MODULE OF
THE TIME INTERVAL MEASUREMENT TRANSCEIVER EXECUTED BY THE

1YY
* -4 i i + +
+ :;-I- + + + + + + + £ + + +§++
+

811
TRANSMIT THE COMPUTED TIME INTERVAL MEASUREMENT TO EACH OF
THE REMOTE GROUND STATIONS VIA THE TRANSMIT CHANNEL BAMED
ON A STATION IDENTIFIER OF EACH OF THE REMOTE GROUND STATIONS
PRESENT IN THE RECEIVED IF SIGNAL BY A TIME INTERVAL
TRANSMISSION MODULE OF THE TIME INTEEVAL MEASUREMENT
TRANSCEIVER EXECUTED BY THE PROCESSOR

¥FiG. 38
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TIME INTERVAL MEASUREMENT
CODE-DIVISION MULTIPLE ACCESS
TRANSCEIVER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of the
non-provisional patent application titled “TIME INTERVAI
MEASUREMENT CODE-DIVISION MULTIPL.
ACCESS  TRANSCEIVER”,  application  number
201941002459, filed 1n the Indian Patent Office on Jan. 21,

2019. The specification of the above referenced patent
application 1s incorporated herein by reference 1n 1ts entirety.

L L

BACKGROUND

Satellite-based positioning system, for example, the
global navigation satellite system (GNSS) positioning sys-
tem comprising the global positioning system (GPS) and the
(Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLO-
NASS) provide information on location of a GNSS trans-
ceiver based on radio frequency GNSS signals transmitted
by the GNSS. The radio frequency GNSS signals are also
capable of providing accurate time information at the loca-
tion of the GNSS transceiver. The time information, typi-
cally, comprises time difference between a transmitted radio
frequency GNSS signal and a received radio frequency
GNSS signal denoting a signal travel time, 1n turn indicating
a distance between the satellite and the GNSS transceiver.
Utilizing distance measurements between the transceiver
and four or more different satellites in the GNSS, the GNSS
transcerver obtains three-dimensional receiver coordinates
in a global reference frame and a time diflerence between a
clock 1n the GNSS transceiver and satellite clocks.

However, the global navigation satellite system (GNSS)
signals are degraded by 1onosphere and trophosphere delays,
multiple transmission paths of the GNSS signals as the
GNSS signals are reflected from different surfaces increas-
ing signal travel time of the GNSS signals, visibility of a
number of satellites to the GNSS receiver, etc. On degra-
dation, the GNSS signals no longer provide accurate time
information. While methods are developed which allow for
partial compensation for the degradation of the GNSS
signals, for example, differential GPS system, the use of the
GNSS signals for high-precision time applications 1s not
satisfactory.

A two-way satellite time and {Irequency transfer
(TWSTFT) system 1s a GNSS independent system that
enables comparison and 1f required synchronization of a
clock positioned 1n a transceiver to a master reference clock,
via a satellite, for example, a geo stationary satellite and a
geo synchronous satellite. The TWSTFET system 1s indepen-
dent of errors due to the transmission path of the signals
between the clock associated with the transceivers and the
satellite. The TWSTFT system 1s used by national calibra-
tion authorities, for example, Physikalisch-Technische
Bundesanstalt (PTB) Brunswick, etc., for comparing exist-
ing time scales based on the atomic clocks. The TWSTFT
system works on a basis of an agreement between, for
example, different laboratories employing transceivers to
simultaneously exchange signals 1n pairs via a satellite, for
example, geo stationary satellite and a geo synchronous
satellite. Each of the transceivers at the laboratories deter-
mines time difference between transmission of a signal to the
other transceiver and reception of a signal originating from
the other transcerver. The different methods for transmission
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2

of the signal from a transceiver to the other transceiver are,
typically, frequency division multiple access (FDMA), code
division multiple access (CDMA), and time division mul-
tiple access (TDMA).

However, conventional two-way satellite time and {re-
quency transier (TWSTFT) system 1s not capable of simul-
taneous time transier to multiple ground stations using a
conventional transceiver. The conventional transceiver sup-
ports only a single channel in a transmitter to transmit a
signal to other transceivers and a single channel or multiple
channels 1n a receiver to receive signal from a particular
other participating transceiver. Typically, only one pair of
ground stations are mvolved in a TWSTFT communication
at a time via the satellite and the transceivers 1n the partici-
pating ground stations. The ground stations use code-divi-
sion multiple access (CDMA) method to communicate 1n
either direction.

The code-division multiple access (CDMA) transceivers
of the two-way satellite time and frequency transfer
(TWSTFT) determine a time interval between the transmit-
ted signal and the received signal at each of the receive
channels by using a dedicated high resolution time interval
counter. The high resolution time interval counter 1s started
by a unique time epoch such as a pulse per second (1-PPS)
in the transmitted signal and 1s stopped by a umique time
epoch such as a 1-PPS 1n received signals from the other
transceivers. The time interval counter gives the high reso-
lution time difference between the transmitted 1-PPS signal
and the received 1-PPS signals. Typically the time interval
counters have a mixed, analog and digital processing as a
part of 1t. The time interval counter forms a significant part
ol the hardware of the transceiver for each individual recerve
channel of the transceiver. However, the use of the time
interval counter 1s limited to one receive channel at a time.
Furthermore, the CDMA transceiver with multiple receive
channels requires a dedicated time interval counter for each
of the multiple receive channels.

Typically, in a two-way satellite time and frequency
transfer (ITWSTFT) system communication with master-
clock at a central ground station by each of the remote
ground stations 1s performed only at a predetermined time
slot called a session. Each of the remote ground stations
usually obtains limited sessions per day. The limited session
times are suilicient to determine the local time and frequency
oflset with respect to the master-clock at each of the remote
ground stations. The central ground station and the remote
ground stations have stable source of clock such as Cesium
or Hydrogen master, or a time scale consisting of an
ensemble of such clock sources. Furthermore, phase correc-
tions or frequency corrections are not performed on the time
measurement at the participating remote ground stations
with stable clock source and the TWSTFT system 1s used for
time and frequency comparison purpose alone.

Moreover, 1f a remote ground station has a clock source
of lower stability such as an oven-controlled crystal oscil-
lator (OCXOQO), there 1s a need for more frequent phase
corrections and frequency corrections depending on the
oscillator characteristics and accuracy of phase and ire-
quency of the time measurement at the remote ground
station clock. Therefore, remote ground stations with the
clock source of lower stability require more number of
sessions with the master clock 1n the central ground station
to obtain required accuracy of phase and frequency of the
time measurement. Since the sessions are planned to be 1n
sequential manner with one remote ground station partici-
pating per session, there 1s a limit on the total number of
remote ground stations that can communicate with the
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master-clock in the central ground station to achieve and
maintain the required phase and frequency accuracy of the

time measurement.

Hence, there 1s a long felt but unresolved need for a time
interval measurement code-division multiple access
(CDMA) transceiver for two-way satellite time and {fre-
quency transier (TWSTFT) and satellite ranging comprising
a transmit channel and one or more receive channels to
generate a time measurement in each of the recerver chan-
nels simultaneously and independently. Moreover, there 1s a
need to generate a time-interval measurement at the central
ground station for each of the simultaneously participating
remote ground stations 1n a session.

SUMMARY OF THE INVENTION

This summary 1s provided to itroduce a selection of
concepts 1n a simplified form that are further disclosed 1n the
detailed description of the mvention. This summary 1s not
intended to determine the scope of the claimed subject
matter.

A time interval measurement transceiver implementing
code-division multiple access (CDMA), comprising a trans-
mit channel and one or more receive channels, disclosed
herein addresses the above recited need for generation of a
time measurement in each of the receive channels simulta-
neously for performing two-way satellite time and frequency
transier and satellite ranging.

The time interval measurement code-division multiple
access (CDMA) transceiver disclosed herein comprises a
clock manager, a transmit channel operably coupled to the
clock manager, one or more receive channels operably
connected to the clock manager, and at least one processor
communicatively coupled to the clock manager, the transmut
channel, and the receive channels. The time interval mea-
surement CDMA transceiver 1s used 1n performing two-way
satellite time and frequency transier (T WSTFT) between a
central ground station where the time interval measurement
CDMA ftranscerver 1s positioned and one or more remote
ground stations. The time interval measurement CDMA
transceiver 1s also used in performing satellite ranging. The
clock manager generates a sampling clock for transmitting a
modulated intermediate frequency signal and performing
baseband processing of one or more intermediate frequency
signals received from the remote ground stations. The trans-
mit channel generates a spread signal that 1s digitally phase
modulated to generate and transmit the modulated interme-
diate frequency signal. The baseband processing of the
received intermediate frequency signals from the remote
ground stations 1s performed 1n the receirve channels.

The transmit channel comprises a first mixer operably
coupled to a transmission pseudorandom code generation
module for generating the spread signal by mixing a time
frame data signal with a pseudorandom code generated by
the transmission pseudorandom code generation module.
The transmit channel further comprises a transmission time
generation module for generating a transmission time mea-
surement on latching of a transmit code phase of the
pseudorandom code, and a number of chips of the pseudo-
random code, a number of code periods of the pseudoran-
dom code, and a number of bits 1n the time frame data signal
upcounted 1n multiple transmission counters when a latch
measurement signal 1s received from a latch epoch genera-
tion module 1n each of the receive channels.

Each of the receive channels comprise one or more
second mixers for receirving intermediate frequency time
data samples from an external interface unit and generating
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4

inphase components and quadrature phase components of
the received intermediate frequency time data samples by
mixing the received intermediate Ifrequency time data
samples with a carrier reference signal locally generated by
a local carrier generator of each of the receive channels. The
intermediate frequency time data samples correspond to the
received intermediate frequency signal from each of the
remote ground stations. Fach of the receive channels further
comprises an acquisition and tracking module, multiple
correlators, a reception time generation module, and the
latch epoch generation module. The acquisition and tracking
module acquires and tracks the received intermediate fre-
quency signal from each of the remote ground stations. The
correlators correlate the pseudorandom code in the received
intermediate frequency time data samples by multiplying
and accumulating each of the generated inphase components
and the generated quadrature phase components of the
received intermediate frequency time data samples with
three or more arms of a replica pseudorandom code gener-
ated by a reception pseudorandom code generation module.
Each of the receive channel 1s programmed to generate the
replica pseudorandom code corresponding to each satellite
signal present 1n the recerved intermediate frequency signal.
The reception time generation module generates a reception
time measurement on latching a receive code phase value of
the replica pseudorandom code, and a number of chips of the
replica pseudorandom code, a number of code periods of the
replica pseudorandom code, and a number of bits i the
intermediate frequency time data samples in multiple recep-
tion counters when the latch measurement signal 1s recerved
from the latch epoch generation module. The latch epoch
generation module generates the latch measurement signal
on overtlow of one of the reception counters for generating
the transmission time measurement of the transmit channel
and the reception time measurement of the receive channel
corresponding to each of the remote ground stations.

The processor executes computer program instructions
defined by modules of the time interval measurement code-
division multiple access (CDMA) transceiver. The modules
of the time 1nterval measurement CDMA transceiver com-
prise a time interval measurement module and a time
interval transmission module. The time interval measure-
ment module computes a time interval measurement as half
of a difference between the generated transmission time
measurement and the reception time measurement generated
by each of the receive channels. The time nterval measure-
ment module removes time of arrival of the intermediate
frequency signal from the time interval measurement of each
of the remote ground stations. The time 1nterval transmission
module transmits the computed time interval measurement
to each of the remote ground stations via the transmit
channel based on a station i1dentifier of each of the remote
ground stations present 1n the received intermediate fre-
quency signal.

In an embodiment, the time interval measurement code-
division multiple access (CDMA) transceiver performing
two-way satellite time and frequency transter (TWSTFT)
and satellite ranging 1s implemented as an application spe-
cific mtegrated circuit (ASIC) or a field programmable gate
array (FPGA), 1n which the number of receive channels can
be easily programmed and scaled without any changes to the
transceiver hardware.

In one or more embodiments, related systems comprise
circuitry and/or programming for eflecting the methods
disclosed herein. The circuitry and/or programming can be
any combination of hardware, software, and/or firmware
configured to effect the methods disclosed herein depending
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upon the design choices of a system designer. Also, 1n an
embodiment, various structural elements can be employed
depending on the design choices of the system designer.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing summary, as well as the following detailed
description of the invention, 1s better understood when read
in conjunction with the appended drawings. For 1llustrating
the 1nvention, exemplary constructions of the invention are
shown 1n the drawings. However, the invention 1s not limited
to the specific methods and components disclosed herein.
The description of a method step or a component referenced
by a numeral 1n a drawing 1s applicable to the description of
that method step or component shown by that same numeral
in any subsequent drawing herein.

FIG. 1 exemplarily illustrates an architectural diagram of
a time 1nterval measurement transceiver positioned 1 a
central ground station for performing two-way satellite time
and frequency transfer and satellite ranging.

FIG. 2 exemplanly illustrates a low level architectural
diagram of the time interval measurement transceiver coms-
prising a transmit channel and a receive channel for per-
forming two-way satellite time and frequency transier and
satellite ranging.

FIG. 3 exemplanly illustrates a high level architectural
diagram of an embodiment of the time interval measurement
transceiver comprising a transmit channel and a receive
channel implemented on a field programmable gate array.

FIG. 4 exemplanly illustrates a high level architectural
diagram of an embodiment of the time interval measurement
transceiver comprising a transmit channel, a receive chan-
nel, an intermediate frequency filter, and a binary phase shift
keying modulator implemented on a field programmable
gate array.

FIG. 5 exemplarily 1illustrates a high level architectural
diagram of an embodiment of the time 1nterval measurement
transceiver comprising a processor, a transmit channel, a
receive channel, an intermediate frequency filter, and a
binary phase shift keying modulator implemented on a chip.

FIG. 6 exemplarily illustrates a structure of a time frame
data signal to be transmitted to one or more remote ground
stations by the transmit channel that determines length of
transmission counters.

FIG. 7 exemplanly illustrates a timing diagram showing
latching of transmit code phase words and receive code
phase words by the transmit channel and the receive channel
of the time interval measurement transceiver on generation
of a latch measurement signal in the receive channel for the
structure of the time frame data signal exemplarily 1llus-
trated in FIG. 6.

FIGS. 8A-8B illustrate a method for performing for
performing two-way satellite time and frequency transier
and satellite ranging.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

FIG. 1 exemplarily illustrates an architectural diagram of
a time 1nterval measurement transceiver 100 positioned 1n a
central ground station for performing two-way satellite time
and frequency transfer and satellite ranging. As used herein,
“two-way satellite time and frequency transfer” refers to a
method 1nvolving signals that travel both ways between a
clock positioned 1n a central ground station and a clock
positioned 1n a remote ground station that are being com-
pared. The two-way satellite time and frequency transier
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(TWSTFT) 1s a technique used for comparison of a clock
positioned 1n a central ground station and a clock positioned
in remote ground station via a satellite, for example, a geo
stationary satellite and a geo synchronous satellite radio
link. Also, as used herein, “satellite ranging’ refers to
method involving measurement of time required for a signal
to traverse the path to and from a satellite, for example, a
geostationary and a geosynchronous satellite to which range
needs to be determined. The time interval measurement
transceirver 100 1s positioned 1n a central ground station and
communicates with one or more remote ground stations
comprising a time interval measurement transceiver. The
central ground station and the remote ground stations com-
prise installations for transmitting and receiving radio 1ire-
quency signals. The time interval measurement transceiver
100 implements code-division multiple access (CDMA) and
1S, hereafter, referred to as a time interval measurement
CDMA transceiver 100. The time interval measurement
CDMA transceivers at the central ground station and the
remote ground stations exchange radio frequency signals. In
two-way satellite time and frequency transfer, the central
ground station 1s referred to as a master station and the
remote ground station is referred to as a slave station. The
time interval measurement transceiver positioned in the
central ground station and the remote ground station have
the same construction and architecture but are programmed
to be different in function that they perform depending on
whether they need to function as a master station transceiver
or a slave station transceiver respectively. The master station
transceiver 1s programmed to have multiple receive chan-
nels, for example, one for each of the remote ground
stations. The slave station transceiver 1s programmed to have
only one receive channel, to receive and process the signal
from the master station.

The time interval measurement code-division multiple
access (CDMA) transceiver 100 uses CDMA technique to
communicate with the remote ground stations. That 1s, the
time interval measurement CDMA transceiver 100 transmits
a time frame data signal by multiplying the time frame data
signal with a spreading code, that 1s, a pseudorandom code
to generate a spread signal. Using CDMA technique, the
time interval measurement CDMA transceiver 100 1n the
central ground station performs time measurements of all the
received signals received from the remote ground stations.
Moreover, the time interval measurement CDMA trans-
ceiver 100 performs periodic time measurements of all the
received signals received from the remote ground stations.
The time interval measurement CDMA transceiver 100
modulates the time {frame data signal onto an intermediate
frequency signal and up converts the modulated 1ntermedi-
ate Irequency signal to a radio frequency signal to be
transmitted to the remote ground stations. The time nterval
measurement CDMA transceiver 100 transmits a radio fre-
quency signal to each of the remote ground stations and
receives radio frequency signal from the remote ground
stations via a satellite. The time interval measurement
CDMA transceiver 100 receives the radio frequency signal
from the remote ground stations and down converts to the
intermediate frequency signal and digitizes the intermediate
frequency signal to obtain intermediate frequency time data
samples. As used herein, “time frame data signal” refers to

a digital signal comprising time imnformation transmitted 1n
the form of a data frame of a predetermined number of bits.
Format of the time frame data signal that 1s transmitted from
the master station to the slave station could be same or
different from the format of the time frame data signal
transmitted from the slave station to the master station. The
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time frame data signal comprises preamble, frame 1dentifier,
frame version, time information, decryption validation key,
remote ground station 1dentification, time oflset measured at
local station which could be a master station or a slave
station, signal strength of other station observed at local
station, time reference delay, transmission signal power
level at local station, calibration value, calibration technique
identification, frequency oflset measured at local station
with respect to other station, health status of the local
system, time validity, reserved fields, hash value, parity
check fields. In two-way satellite time and frequency trans-
ter (TWSTFT), an exchange of the time information
between the central ground station and each of the remote
ground stations 1s performed at same time and same ire-
quency of operation in both the central ground station and
the remote ground stations. Propagation time of the radio
frequency signal from the central ground station to the
remote ground station 1s almost same as the propagation
time of the radio frequency signal from the remote ground
station to the central ground station, except for a few
asymmetric delays due to eflect of 1onosphere on different
up conversion frequencies and down conversion frequencies
used and local tropospheric eflects, which are negligible.
The other sources of asymmetric delays comprise of asym-
metric signal path delay through the satellite 1n each direc-
tion, and local station transmit and receive chain path delays,
and Sagnac corrections which need to either calibrated or
calculated and compensated by the respective remote ground
stations.

The time interval measurement code-division multiple
access (CDMA) transcerver 100 comprises a clock manager
102, a transmit channel 105, one or more receive channels
111 and 120, and at least one processor 121 communica-
tively coupled with the clock manager 102, the transmit
channel 105 and the receive channels 111 and 120. In an
embodiment, the clock manager 102, the transmit channel
105, and the receive channels 111 and 120 are implemented
in a single chip as exemplarily illustrated in FIG. 5. In
another embodiment, the clock manager 102, the transmuit
channel 105, and the receive channels 111 and 120 are
implemented independently on separate chips. In another
embodiment, the combination of the clock manager 102, the
transmit channel 105, and the receive channels 111 and 120
are implemented as an application specific imntegrated circuit
(ASIC) or a field programmable gate array (FPGA) 104 as
exemplarily 1illustrated 1in FIG. 1. The clock manager 102
generates a sampling clock for transmitting the modulated
intermediate frequency signal and performing baseband
processing of intermediate frequency signal comprising of
signals recerved from the remote ground stations. The clock
manager 102 manipulates a clock signal generated by a
clock source 101 made of, for example, Quartz, Rubidium,
cesium, etc. As used herein, “transmit channel” refers to a
communication channel in the time interval measurement
CDMA transceiver 100 that 1s used to transmit the modu-
lated intermediate frequency signal to the remote ground
stations. Also, as used herein, “receive channel” refers to a
communication channel in the time interval measurement
CDMA transcetver 100 that 1s used to receive intermediate
frequency signals from the remote ground stations. In each
of the recerve channels 111 and 120, baseband processing of
a received intermediate frequency signal 1s performed. As
used herein, “baseband processing” refers to a process of
removing Doppler frequency from the received intermediate
frequency signal and correlating the received intermediate
frequency signal stripped ofl of the Doppler frequency with
a locally generated replica pseudorandom code to track code
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phase of the received intermediate frequency signal. The
time interval measurement CDMA transceirver 100 further
comprises a data bus 103 that permits communications
between the modules, for example, 121, 105, 122, 111, and
120, etc.

The transmit channel 1035 1s operably coupled to the clock
manager 102 and generates the spread signal that 1s digitally
phase modulated to generate and transmit the modulated
intermediate frequency signal. The transmit channel 105
comprises a first mixer 106 operably coupled to a transmis-
sion pseudorandom code generation module 107 and a
transmission time generation module 108. The first mixer
106 generates the spread signal by multiplying the time
frame data signal with a pseudorandom code generated by
the transmission pseudorandom code generation module
107. As used herein, “pseudorandom code” refers to a
unique binary code sequence of pulses representing +1s and
—1s that are used by the time interval measurement code-
division multiple access (CDMA) transceiver 100 to spread
the time frame data signal and generate the spread signal.
The pseudo random codes are not truly random but have a
finite length and are known to the central ground station and
the remote ground stations. A pulse 1n the pseudorandom
code refers to a “chip”. The sequence of the chips in the
pseudorandom code repeats 1tself after a time period referred
to as a “code period”. The transmission pseudorandom code
generation module 107 comprises a pseudorandom code
generator 107a and a transmission code numerically con-
trolled oscillator 1075 as disclosed 1n the detailed descrip-
tion of FIG. 2. The transmission code numerically controlled
oscillator 1075 controls the pseudorandom code generator
107a to generate the pseudorandom code. The transmission
code numerically controlled oscillator 10756 comprises a
phase accumulator and a phase-to-amplitude converter oper-
ably connected to the phase accumulator. The phase accu-
mulated 1n the phase accumulator 1s a transmit code phase.
As used herein, “transmit code phase” refers to a phase of
the pseudorandom code that generates the spread signal. The
transmit code phase 1s the phase of the pseudorandom code
accumulated i the phase accumulator of the transmission
numerically controlled oscillator. The transmission code
numerically controlled oscillator 1075 operates at the sam-
pling clock to generate a code clock to run the pseudoran-
dom code generator 107a.

The transmission time generation module 108 generates a
transmission time measurement on latching of the transmit
code phase of the pseudorandom code, and a number of
chips of the pseudorandom code, a number of code periods
of the pseudorandom code, and a number of bits 1n the time
frame data signal upcounted in multiple transmission coun-
ters 130 as disclosed in the detailed description of FIG. 2,
when a latch measurement signal 1s recerved from a latch
epoch generation module 119 1n each of the receive channels
111 and 120. The transmission counters 130 are registers in
which the number of chips of the pseudorandom code, the
number of code periods of the pseudorandom code, the
number of bits of the time frame data signal are counted as
the time frame data signal 1s multiplied with the pseudoran-
dom code 1n the first mixer 106 and bits of the spread signal
are generated. The transmission counters 130 operate at the
sampling clock. On the occurrence of the latch measurement
signal, the values of the number of chips of the pseudoran-
dom code, the number of code periods of the pseudorandom
code, the number of bits of the time frame data signal 1n the
transmission counters 130 and the transmit code phase 1n a
phase accumulator of the transmission code numerically
controlled oscillator 1075 1s latched and the transmission
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time measurement 1s generated as disclosed 1n the detailed
description of FIG. 2. The latch measurement signal acts as
an epoch to latch the transmit code phase of the pseudoran-
dom code, the number of chips of the pseudorandom code,
the number of code periods of the pseudorandom code, the 5
number of bits of the time frame data signal in the trans-
mission counters 130. As used herein, “epoch” refers to an
istant 1n time from which time 1s measured. As used herein,
“latch” refers to the act of reading value of a counter at an
epoch and registering the value for further process without 10
allecting the counter being latched.

In an embodiment, the transmit channel 105 further
comprises an encryption and hash generation module 109
for generating the cryptographic hash for the time frame data
signal to be transmitted to the remote ground stations and 15
encrypting the time frame data signal prior to transmission
to the remote ground stations. The transmit channel 105
implements standard algorithms, for example, AES SER-
PENT-256 encryption algorithm and SHA-2356 hash genera-
tion algorithm, to encrypt the time frame data signal before 20
transmission as a radio Ifrequency signal to the remote
ground stations.

The recerve channels 111 and 120 of the time interval
measurement code-division multiple access (CDMA) trans-
ceiver 100 are operably coupled to the clock manager 102 25
for performing the baseband processing of the received
intermediate frequency signals from the remote ground
stations. Each of the receive channels 111 and 120 comprises
an acquisition and tracking module 112, one or more second
mixers 113, a local carrier generator 114, multiple correla- 30
tors 116, a reception pseudorandom code generation module
117, a reception time generation module 118, and the latch
epoch generation module 119. The acquisition and tracking
module 112 acquires and tracks the received intermediate
frequency signal from each of the remote ground stations. 35
The acquisition process ol the acquisition and tracking
module 112 acquires the recerved intermediate frequency
signal by performing a two dimensional pseudorandom code
and carrier signal search in frequency and code phase
domain on the received intermediate frequency time data 40
samples. The output of the acquisition process by the
acquisition and tracking module 112 1s a coarse estimate of
the code phase of the pseudorandom code and the frequency
of the carrier signal of the received intermediate frequency
signal. The tracking process of the acquisition and tracking 45
module 112 programs the reception pseudorandom code
generation module 117 and the local carrier generator 114
with acquired code phase and carrier frequency to start
tracking process. Thereafter, the tracking process samples
the outputs of the I and Q correlators 116 and updates the 50
reception code numerically controlled oscillator 11756 and
reception carrier numerically controlled oscillator 113a to
periodically align the replica pseudorandom code and rep-
lica carner frequency in phase and frequency to the phase
and frequency of the pseudorandom code and carrier signal 55
in the received intermediate frequency time data samples
using a code lock loop and carrier lock loop respectively. In
another embodiment, the acquisition and tracking modules
112 of each of the receive channels 111 and 120 are
implemented as a part of the processor 121 that work on the 60
output of I and Q) correlators 116 and programs the reception
code numerically controlled oscillator 1175 and reception
carrier numerically controlled oscillator 1134 to acquire and
track the received intermediate frequency signal.

The second mixers 113 receive the intermediate frequency 65
time data samples from an external interface unit 129 and
mix the received intermediate frequency time data samples

10

with a carrier reference signal locally generated by the local
carrier generator 114 of each of the receive channels 111 and
120. The intermediate frequency time data samples corre-
spond to the recerved mtermediate frequency signal from
cach of the remote ground stations. The radio frequency
signals recerved from the remote ground stations are fre-
quency down converted to intermediate frequency signals
and the intermediate frequency signals are converted to
intermediate frequency time data samples in the external
interface unit 129 as disclosed 1n the detailed description of
FIG. 3. The mixing of the received intermediate frequency
time data samples with the carrier reference signal generates
inphase components and quadrature phase components of
the received intermediate frequency time data samples. The
inphase components of the received intermediate frequency
time data samples refer to components that are oflset in
phase by a zero cycle with respect to the carrier reference
signal. The quadrature phase components of received inter-
mediate frequency time data samples refer to components
that are oflset 1n phase by a one-quarter cycle with respect
to the carrier reference signal. The local carrier generator
114, for example, a numerically controlled oscillator (NCO)
114a generates the locally generated carrier reference signal
of a numerically controlled oscillator frequency (1,,~-). The
numerically controlled oscillator (NCO) 114a 1s pro-
grammed to generate the locally generated carrier reference
signal with predetermined Doppler frequency oflset.

The generated inphase components and the generated
quadrature phase components of the received intermediate
frequency time data samples are transmitted to the correla-
tors, for example, I and Q correlators 116 for correlating
generated inphase components and the generated quadrature
phase components with a replica pseudorandom code gen-
erated by a reception pseudorandom code generation module
117. The correlators 116 multiply and accumulate each of
the generated inphase components and the generated quadra-
ture phase components of the received intermediate ire-
quency time data samples with three or more arms of a
replica pseudorandom code generated by the reception pseu-
dorandom code generation module 117. As used herein,
“arms” refers to time varied replicas of the replica pseudo-
random code. For example, early, prompt, and late are the
arms of the replica pseudorandom code, where early 1s a
time advanced replica of the replica pseudorandom code,
prompt 1s a time aligned replica of the replica pseudorandom
code, and late 1s a time delayed replica of the replica
pseudorandom code. The arms define the replica pseudo-
random code that corresponds to different replica pseudo-
random code chip shiits.

As used herein, “replica pseudorandom code” refers to a
unique binary code sequence of pulses representing +1s and
—1s that are generated by a pseudorandom code generator
117a 1n the reception pseudorandom code generation mod-
ule 117 to wipe-ofl the pseudorandom code used for spread-
ing the time frame data signal and obtain the time frame data
signal transmitted by the remote ground station. An 1nitial-
ization module 125 of the time 1nterval measurement code-
division multiple access (CDMA) transceiver 100 executed
by the processor 121 programs the reception pseudorandom
code generation module 117 to generate the replica pseudo-
random code. A pulse 1n the replica pseudorandom code 1s
a chip. The sequence of the chips 1n the replica pseudoran-
dom code repeats 1tself after a code period. The reception
pseudorandom code generation module 117 comprises the
pseudorandom code generator 117a and a reception code
numerically controlled oscillator 1175 as disclosed 1n the
detailed description of FIG. 2. The reception code numeri-
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cally controlled oscillator 1175, functioning at the sampling
clock, controls the pseudorandom code generator 117a to
generate the replica pseudorandom code 1n the reception
pseudorandom code generation module 117. The reception
code numerically controlled oscillator 1175 comprises a
phase accumulator and a phase-to-amplitude converter oper-
ably connected to the phase accumulator. The phase accu-
mulated in the phase accumulator of the reception code
numerically controlled oscillator 1175 at every sampling
clock 1s a recerve code phase. As used herein, “receive code
phase” refers to a phase of the replica pseudorandom code
for de-spreading the received intermediate frequency time
data samples. The reception code numerically controlled
oscillator 1175 generates a code clock to activate the pseu-
dorandom code generator 117a of the reception pseudoran-
dom code generation module 117.

The reception time generation module 118 generates a
reception time measurement on latching the receive code
phase of the replica pseudorandom code, and a number of
chips of the replica pseudorandom code, a number of code
periods of the replica pseudorandom code, and a number of
bits 1 the received intermediate frequency time data
samples 1n multiple reception counters 136 as disclosed 1n
the detailed description of FIG. 2, when the latch measure-
ment signal 1s recerved from the latch epoch generation
module 119. The reception counters 136 are registers in
which the number of chips of the replica pseudorandom
code, the number of code periods of the replica pseudoran-
dom code, the number of bits 1n the intermediate frequency
time data samples are counted as the generated inphase
components and the generated quadrature phase components
of the recerved intermediate frequency time data samples are
correlated with the arms of the replica pseudorandom code
in the correlators 116 for code wipe-off. The reception
counters 136 operate at the sampling clock.

The latch epoch generation module 119 of a receive
channel 111, generates the latch measurement signal at the
sampling clock on overflow of one of the reception counters
136, for example on overtlow of receive chip counter 137,
or receive code boundary counter 138, or a receive bit
counter 139, or the receive time counter 140, for generating
the transmission time measurement of the transmait channel
105 and the reception time measurement of the receive
channel 111 as disclosed 1n the detailed description of FIG.
2. On the occurrence of the latch measurement signal, the
values of the number of chips of the pseudorandom code, the
number of code periods of the pseudorandom code, the
number of bits of the received intermediate frequency time
data samples 1n the reception counters 136 and the receive
code phase 1n the phase accumulator of the reception code
numerically controlled oscillator 1175 1s latched and the
reception time measurement 1s generated as disclosed 1n the
detailed description of FIG. 2. The latch measurement signal
also, acts as an epoch to latch the receive code phase of the
pseudorandom code, the number of chips of the pseudoran-
dom code, the number of code periods of the pseudorandom
code, the number of bits of the received intermediate fre-
quency time data samples 1n the reception counters 136. The
latch epoch generation module 119 generates the latch
measurement signal for generating the transmission time
measurement of the transmit channel 105 and the reception
time measurement of one ol the receive channels 111
independent of the other receive channel 120. In an embodi-
ment, the transmission time measurement and the reception
time measurement are latched with respect to an external
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independent source of reference mstead of a signal epoch,
that 1s, the latch measurement signal in one of the receive
channels 111 and 120.

In an embodiment, each of the receive channels 111 and
120 further comprises a decryption and authentication mod-
ule 115 for decrypting and authenticating the recerved
intermediate frequency signal from the remote ground sta-
tions, alter performing the baseband processing of the
received intermediate frequency signal. The receive chan-
nels 111 and 120 implement standard decryption and authen-
tication algorithms to decrypt received intermediate ire-
quency signal and authenticate the decrypted intermediate
frequency after performing the baseband processing of the
received intermediate frequency signal. For example, the
receive channels 111 and 120 immplement SERENT-25
decryption algorithm to decrypt data bits of the time frame
data signal 1n the received imntermediate frequency signal and
SHA-256 hash algorithm to authenticate the decrypted data
bits of the time frame data signal in the received interme-
diate frequency signal.

In another embodiment, the time frame data signal can be
encrypted first and then appended with cryptographic hash
function before transmission 1n the transmit channel 105 of
the time interval measurement code-division multiple access
(CDMA) transcerver 100. The decryption and authentication
module 115 receive channel 111 and 120 authenticates and
decrypts the received intermediate frequency signal from the
ground station, after performing the baseband processing of
the received intermediate frequency signal.

The processor 121 executes computer program instruc-
tions defined by modules 123, 124, 125,126, and 127 of the
time 1nterval measurement code-division multiple access
(CDMA) transcerver 100 and 1s communicatively coupled to
a non-transitory computer readable storage medium, for
example, a memory unit 122. The processor 121 refers to
any one or more microprocessors, central processing unit
(CPU) devices, finite state machines, computers, microcon-
trollers, digital signal processors, logic, a logic device, an
user circuit, an application specific integrated circuit
(ASIC), a field-programmable gate array (FPGA), a chip,
etc., or any combination thereof, capable of executing com-
puter programs or a series ol commands, istructions, or
state transitions. In an embodiment, the processor 121 1s
implemented as a processor set comprising, for example, a
programmed microprocessor and a math or graphics co-
processor. The processor 121 1s selected, for example, from
the Intel® processors such as the Itanium® microprocessor,
the Pentium® processors, the Intel® Core 15 processor, the
Intel® Core 17 processor, etc., Advanced Micro Devices
(AMD®) processors such as the Athlon® processor, Ultra-
SPARC® processors, microSPARC® processors, hp® pro-
cessors, International Business Machines (IBM®) proces-
sors such as the PowerPC® microprocessor, the MIPS®
reduced instruction set computer (RISC) processor of MIPS
Technologies, Inc., RISC based computer processors of
ARM Holdings, Motorola® processors, Qualcomm® pro-
cessors, Xilinx® system on a chip, Xi1linx® multiprocessor
system on a chip (MpSoC), Xi1linx® radio frequency system
on a chip (RFSoC), etc. The time interval measurement
CDMA ftransceiver 100 disclosed herein 1s not limited to
employing a processor 121. In an embodiment, the time
interval measurement CDMA transceiver 100 employs a
controller or a microcontroller.

As used herein, “non-transitory computer readable stor-
age medium™ refers to all computer readable media, for
example, non-volatile media, volatile media, and transmis-
sion media, except for a transitory, propagating signal.
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Non-volatile media comprise, for example, solid state
drives, optical discs or magnetic disks, and other persistent
memory volatile media including a dynamic random access
memory (DRAM), which typically constitute a main
memory. Volatile media comprise, for example, a register
memory, a processor cache, a random access memory
(RAM), etc. Transmission media comprise, for example,
coaxial cables, copper wire, fiber optic cables, modems, etc.,
including wires that constitute a system bus coupled to the
processor 121. The non-transitory computer readable stor-
age medium 1s configured to store computer program
instructions defined by modules, for example, 123, 124, 125,
126, and 127. The modules comprise a time iterval mea-
surement module 123 and a time interval transmission
module 124. The time interval measurement module 123
computes a time interval measurement as half of a difference
between the generated transmission time measurement 1n the
transmit channel 105 and the reception time measurement
generated by each of the receive channels 111 and 120 as
disclosed in the detailed description of FIG. 2. The time
interval transmission module 124 transmits the computed
time interval measurement to each of the remote ground
stations via the transmit channel 105 based on a station
identifier of each of the one or more remote ground stations
present 1n the received mtermediate frequency signal.

The time interval measurement code-division multiple
access (CDMA) transceiver 100 further comprises a binary
phase shiit keying modulator 128 communicatively coupled
to the transmit channel 105 for the digital phase modulation
of the generated spread signal and generating the modulated
intermediate frequency signal to be transmitted to each of
the remote ground stations via an intermediate frequency
filter and a frequency up-converter 143 as exemplarily
illustrated 1n FIG. 3.

The ntermediate frequency signals received from the
remote ground stations 1s a composite signal processed in
cach of the recerve channels 111 and 120. Each of the receive
channels 111 and 120 1s programmed to acquire and track the
received intermediate frequency signal from a particular
remote ground station, by generating a unmique replica pseu-
dorandom code similar to the pseudorandom code in the
received 1ntermediate frequency signal transmitted from a
particular remote ground station. The transmission counters
130 1n the transmit channel 105 are available for latching 1n
cach of the receive channels 111 and 120 by generation of a
latch measurement signal 1n each of the receive channels 111
and 120 at sampling rate {_ 1n the field programmable gate
array (FPGA). Depending on the latch measurement signal,
in a particular receive channel, for example receive chan-
nel-N 120, the transmission time measurement 1n the trans-
mit channel 105 1s latched independent of the other receive
channel 111. The time difference between the transmitted
modulated intermediate frequency signal and the recerved
intermediate frequency signal 1 a receive channel-N 1s
calculated from the transmission time measurement of the
transmit channel 105 and the reception time measurement of
the receive channel-N by the time interval measurement
module 123 executed by the processor 121. In an embodi-
ment, the time interval measurement module 123 1s 1mple-
mented on the FPGA and 1s executed by the processor 121.
The time interval transmission module 124 transmits the
calculated time diflerence to the remote ground station
whose transmitted intermediate frequency signal 1s tracked
in the receive channel-N with a unique station identifier of
the remote ground station. The unique station identifier
forms a part of the received intermediate frequency signal
received from the remote ground station. The architecture of
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the time 1nterval measurement code-division multiple access
(CDMA) transceiver 100 exemplarily 1illustrated in FIG. 1
comprising a transmit and multiple receive channels 111 and
120 positioned in the master central ground station and
generates and transmits time difference measurements to
multiple receiver slave stations via radio frequency signals
enabling simultaneous two-way satellite time and frequency
transier (TWSTFT) with the multiple remote ground sta-
tions. The time interval transmission module 124 transmits
the calculated time difference via a dedicated wired link or
a wireless link between each of the receiver slave stations
and the master central ground station.

In the application of satellite ranging, the transmit channel
105 of the time interval measurement code-division multiple
access (CDMA) transceiver 100 generates the intermediate
frequency signal and that 1s binary phase shift keying
modulated and up-converted to an up-link radio frequency
and transmitted to a satellite, for example, a geo stationary
satellite and a geo synchronous satellite. The transmission
counters 130 in the transmit channel 103 of the time interval
measurement CDMA transcerver 100 upcount when the
intermediate frequency signal 1s being generated. A tran-
sponder of the satellite frequency-translates the radio fre-
quency signal received from the time interval measurement
CDMA transceiver 100 in the central ground station for
example, to a down-link radio frequency-ifrequency and
radiates back to earth. The external interface unit 129 of the
time interval measurement CDMA transceiver 100 1n the
central ground station then down-converts the recerved radio
frequency signal to a low intermediate frequency signal and
processes the intermediate frequency signal. The receive
channel 111 of the time mterval measurement CDMA trans-
ceiver 100 performs carrier wipe-ofl and code wipe ofl as
disclosed 1n the detailed description of FIG. 2. The receive
channel 111 acquires and tracks the pseudorandom code 1n
the recerved intermediate frequency signal and the reception
counters 136 in the receive channel 111 upcount. On gen-
eration of a latch measurement signal from the latch epoch
generation module 119 1n the receive channel, the transmis-
s10n time measurement and the reception time measurement
from the transmission counters 130 and the reception coun-
ters 136 1s generated. A ranging module 126 of the time
interval measurement CDMA transceiver 100 measures time
required for the modulated intermediate frequency signal to
traverse a path to and from the satellite and converting the
measured time to a distance on multiplying the measured
time with a velocity of light.

In an embodiment, only the transmission counters 130 are
used for generating the transmission time measurement and
the reception time measurement. On transmission of an
epoch, for example, a pulse per second by way of dummy
bits of a time frame aligned to the pulse per second, spread
using a pseudorandom code and binary phase shift keying
modulated onto a radio frequency carrier signal, in the
intermediate frequency signal, the transmission counters 130
are started. The receive channel 111 of the time interval
measurement code-division multiple access (CDMA) trans-
ceiver 100 stops the transmission counters 130 on reception
of the epoch derived from the radio frequency signal
received from the satellite after performing code wipe-oil as
disclosed 1n the detailed description of FIG. 2. The count 1n
the transmission counters 130 represents the time taken by
the radio frequency signal from the transmit channel 1035 to
make a two-way trip to the satellite.

FIG. 2 exemplarily illustrates a low level architectural
diagram of a time interval measurement code-division mul-
tiple access (CDMA) transceirver 100 comprising a transmit
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channel 105 and a receive channel 111 for performing
two-way satellite time and frequency transfer and satellite
ranging simultancously. The time interval measurement
CDMA transceiver 100 comprises the clock manager 102,
the processor 121, the transmit channel 105, the receive
channel 111, the binary phase shift keying modulator 128,
and the external interface unit 129. The transmission of the
modulated intermediate frequency signal from the transmit
channel 105 and the baseband processing of the received
intermediate frequency signal 1s synchronous to frequency 1
of a sampling clock generated from a reference clock source
101, for example, 5 MHz or 10 MHz, inside a field pro-
grammable gate array (FPGA) of the time interval measure-
ment CDMA transceiver 100. The transmit channel 105
comprises the first mixer 106, the transmission pseudoran-
dom code generation module 107, and the transmission time
generation module 108 as disclosed 1n the detailed descrip-
tion of FIG. 1.

The transmit channel 105 generates the spread signal
which 1s used to binary phase shiit keying modulate a carrier
signal of frequency, for example, 150 MHz by the binary
phase shift keying modulator 128. The transmission pseu-
dorandom code generation module 107 comprises the pseu-
dorandom code generator 107a and the transmission numeri-
cally controlled oscillator. The pseudorandom code
generator 107a generates the pseudorandom code used to
spread the time frame data signal by mixing the generated
pseudorandom code with the time frame data signal. Initial-
1ization module 1235 of the time interval measurement code-
division multiple access (CDMA) transceiver 100 executed
by the processor 121 programs the transmission pseudoran-
dom code generation module 107 to generate the pseudo-
random code. The pseudorandom code generator 107a 1s a
linear feedback shift register (LFSR) based code generator
used to generate, for example, an m-sequence or a gold code
with auto correlation and cross correlation properties. In an
embodiment, the pseudorandom code generator 107a 1s a
memory code based code generator in which the entire
sequence ol the pseudorandom code i1s stored in a non-
volatile memory in the hardware, or the entire sequence of
the code, for example Barker Code, 1s programmed to a
field-programmable gate array (FPGA).

The transmission code numerically controlled oscillator
1076 generates the code clock to drive the pseudorandom
code generator 107a. The pseudorandom code generator
107a repeats the pseudorandom code with a periodicity
known as the code period. The transmission counters 130
count the number of the output chips. The transmission
counters 130 comprise a transmission chip counter 134, a
transmission code boundary counter 133, a transmission bit
counter 132, and a transmission time counter 131. The
transmission chip counter 134 upcounts number of chips of
the pseudorandom code generated by the pseudorandom
code generator 107a. Overtlow of the transmission chip
counter 134 indicates a code period. The transmission chip
counter 134 counts the number of chips output by the
pseudorandom code generator 107a. The transmission code
boundary counter 133 upcounts the number of the code
periods indicated by the overflow of the transmission chip
counter 134. Since a bit consists of multiple code boundar-
ies, overtlow of the transmission code boundary counter 133
initiates the upcounting of the transmission bit counter 132.
The transmission bit counter 132 upcounts number of bits 1n
the time frame data signal. Overflowing of the transmission
bit counter 132 indicates completion of transmission of the
time frame data signal to the remote ground stations. That 1s,
the overtlow of the transmission bit counter 132 indicates

10

15

20

25

30

35

40

45

50

55

60

65

16

completion of transmission of a time {frame data signal. The
transmission time counter 131 upcounts on completion of
the transmission of the time frame data signal to the remote
ground stations. In an embodiment the transmission counters
130 are bidirectional counters capable of counting 1n either
the up direction or the down direction through any given
count sequence. (Please verily the correctness of the high-
lighted section.)

The transmission time generation module 108 comprises
the transmission counters 130 and a transmission time
measurement module 135. The transmission time measure-
ment module 135 computes the transmission time measure-
ment by using the transmit code phase, the number of chips
in the transmission chip counter 134, the number of code
periods 1n the transmission code boundary counter 133, the
number of bits 1n the transmission bit counter 132, latched
on the generation of the latch measurement signal by the
latch epoch generation module 119 1n the receive channel
111, and the latched transmission time, that 1s, number of
transmitted frames, 1n the transmission time counter 131.
Typically the bits to be transmitted 1n a frame are clocked
such that one frame takes exactly 1-second to transmit.

The latched transmit code phase, the chip count, the code
boundary count and the bit count and the transmit time count
together gives the transmission time measurement in the
transmit channel 105. Mathematically, the transmission time
measurement Tx_time 1s computed as:

Ix_time=Ix_frame+7x BitCount*Bit_period+
Ix_CodeBoundCount*Code_Period+

Ix ChipCount*Chip_Period+*7x_
CodePhase*Chip_Period/2”, where

Tx_frame 1s the number of frames transmitted, which
correspond to number of seconds 1n this example, where one
frame 1s of the duration one second, counted in the trans-
mission time counter 131 Tx BitCount 1s the number of bits
counted 1n the transmission bit counter 132.

Bit_period is the period of a bit of the time frame data signal.
Tx_CodeBoundCount 1s the number of code periods
counted 1n the transmission code boundary counter 133.
Code_Period 1s the code period of the pseudorandom code.
Tx_ChipCount 1s the number of chips of the pseudorandom
code counted 1n the chip counter.

Chip_Period 1s the duration of a chip of the pseudorandom
code.

Tx_CodePhase 1s the transmit code phase of the transmis-
sion code NCO, ranging between 0 and 2”-1.

N 1s the length of the transmit code phase word.

The number of bits used for each of the transmission
counters 130 depends upon structure of the time frame data
signal as exemplarily illustrated in FIG. 6. When the trans-
mission bit counter 132 overtlows signilying completion of
transmission of the time frame data signal of, for example,
500 bits per second, also indicating completion of 1 second,
the transmission time counter 131 upcounts. An 1nitializa-
tion module 125 mitializes the transmission time counter
131 with a time value in synchronization with a pulse per
second signal generated by an external reference time
source. Typically, the pulse per second signal 1s a reference
signal latched and synchronized to the external reference
time source, for example, 1 pulse per second signal from a
global navigation satellite system (GNSS) receiver. The
value 1itialized corresponds to the time traceable to a time
standard, for example, Coordinated Universal Time (UTC)
or Global Positioming System (GPS) time. The mitialization
module 125 further mnitializes, for example, once in a
second, a non-transitory computer storage medium, for
example, a buller 110 1n the transmit channel 105 with the
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time frame data bits prior to transmission of the time frame
data signal as a modulated intermediate frequency signal and
phase synchronizes, for example, using field-programmable
gate array (FPGA) logic to start of the time frame data signal
and start of a code boundary of the pseudorandom code with
a pulse per second signal generated by the external reference
time source. In another embodiment, which includes the
encryption and hash generation module 109, data from the
bufter 110 1s further appended with Hash and then
encrypted. In eirther case, the number of bits 1n the time
frame data signal 1s adjusted 11 required by appending zeros
to ensure that 1t takes exactly one second for transmission of
the frame at the data rate of transmission. The time frame
data signal 1s spread using the pseudorandom code generated
by the pseudorandom code generator 107a by multiplication
of the time frame data signal and the pseudorandom code 1n
the first mixer 106 and the spread signal from transmit
channel 105 i1s used to binary phase shift keying modulate a
carrier signal at intermediate frequency 1n the binary phase
shift keying modulator 128 comprising a digital to analog
converter 128¢q, and an inphase and quadrature phase modu-
lator 128b.

Prior to the receive channel, the external interface unit
129 performs a down conversion ol the recerved radio
frequency signal from the remote ground station to the
intermediate frequency signal and converts the intermediate
frequency signal to the mtermediate frequency time data
samples.

During tracking, the receive channel 111 first performs a
carrier wipe-oll by multiplying the digitized intermediate
frequency time data samples with a local replica of a carrier
signal, generated by the local carrier generator numerically
controlled oscillator 114a and uses SINE 1146 and COS
114¢ mapping functions in the second mixers 113a and 1135,
to match the mmcoming carrier signal 1 the received inter-
mediate frequency signal 1n both phase and frequency with
the local replica of the carrier signal by way of a carrier lock
loop. The output of the carrier wipe-ofl process is the
inphase components and the quadrature phase components
of the received intermediate frequency time data samples
which are dominated by noise. The time frame data signal 1s
buried under the noise until the time frame data signal 1s
collapsed to baseband by a code wipe-ofl process performed
in the I and Q correlators 116. During the code wipe-oif
process, the inphase components and the quadrature phase
components ol the received intermediate frequency time
data samples are correlated with three arms, that 1s, early,
late and prompt replicas of the replica pseudorandom code
synthesized by the reception pseudorandom code generation
module 117. In an embodiment, more than three arms of the
replica pseudorandom code are used by the I and Q corr-
clators 116. The reception pseudorandom code generation
module 117 comprises the reception pseudorandom code
generator 117a and the reception code numerically con-
trolled oscillator 1175.

Outputs of the I and Q correlators 116 are sampled by the
acquisition and tracking module 112. The acquisition pro-
cess of the acquisition and tracking module 112 performs the
two dimensional pseudorandom code and carrier signal
search on the recerved intermediate frequency time data
samples to acquire the received intermediate frequency
signal. The output of the acquisition process 1s a coarse
estimate of the code phase of the pseudorandom code and
the frequency of the carrier signal of the received interme-
diate frequency signal. The tracking process of the acquisi-
tion and tracking module 112 programs the pseudorandom
code generation module 117 and the local carrier generator
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114 respectively with acquired code phase and carrier ire-
quency to start tracking process. Thereafter the tracking
process of the acquisition and tracking module 112, samples
the outputs of the I and Q correlators 116 and updates the
reception code numerically controlled oscillator 1175 and
reception carrier numerically controlled oscillator 113a to
periodically align the prompt arm of the replica pseudoran-
dom code and replica carrier frequency in phase and fre-
quency to the phase and frequency of the pseudorandom
code and that of carrier signal 1n the received intermediate
frequency time data samples using a code lock loop and a
carrier lock loop. The code lock loop 1n each of the receive
channels 111 and 120 offsets frequency of a replica pseu-
dorandom code generated by the receive pseudorandom
code generation module, 1n each of the receive channels 111
and 120, by a code Doppler frequency 1n order to match with
the code frequency 1n the received intermediate frequency
time data samples thereby aligning the replica pseudoran-
dom code in phase and frequency with the incoming
received intermediate frequency signal from the remote
ground stations. The carrier lock loop 1n each of the receive
channels 111 and 129 oflsets the carrier frequency of the
replica carrier frequency generated in the local carrier gen-
erator 114 by the carrier Doppler frequency to match with
the carrier frequency 1n the received mtermediate frequency
signal, both 1n phase and frequency. Though the carrier wipe
ofl and the code wipe ofl processes are performed simulta-
neously on the received intermediate frequency signal 1n real
time at a sampling clock rate generated by the clock manager
102, the outputs of the I and Q correlators 116 are sampled
by the tracking process ol the acquisition and tracking
module 112, at a much lower rate and further integrated as
per a predetermined predetection integration time. The pre-
detection integration time 1s less than or equal to a duration
of a bit 1n the time frame data signal. A tracked data
processing module 127 1n the memory umt 122 executed by
the processor 121 performs data bit detection, synchroniza-
tion, data decoding of the time frame data signal. The
cecryptlon and authentication of the decoded bits formmg
the data 1s performed by the processor 121 using the
decryption and authentication module 115 implemented 1n
field-programmable gate array (FPGA) as a part of the
recetve channels 111 and 120. In another embodiment, these
decryption and authentication algorithms are implemented
in the processor 121.

The pseudorandom code generator 117a repeats the rep-
lica pseudorandom code with a periodicity known as the
code period. The pseudorandom code generator 117a 1s a
linear feedback shift register (LFSR) based code generator.
In an embodiment, the pseudorandom code generator 117a
1s a memory code based code generator. The reception
counters 136 comprise a reception chip counter 137, a
reception code boundary counter 138, a reception bit counter
139, and a reception time counter 140. The reception chip
counter 137 upcounts number of chips of the replica pseu-
dorandom code generated by the pseudorandom code gen-
cerator 117a 1n the receive channel 1. Overtlow of the
reception chip counter 137 indicates a code period. The
reception code boundary counter 138 upcounts the number
of the code periods of the replica pseudorandom code
indicated by the overtlow of the reception chip counter 137.
The reception bit counter 139 upcounts number of bits 1n the
decoded time frame data signal on overtlow of the reception
code boundary counter 138. Overtlowing of the reception bit
counter 139 indicates completion of reception of the time
frame data signal from the remote ground station. The
reception time counter 140 upcounts on completion of the
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reception of the time frame data in the intermediate fre-
quency signal from the remote ground stations via the
external interface unit 129. In an embodiment, the initial-
1zation module 125 1nitializes the reception time counter 140
in the receive channel 111 1n accordance with the time
information in the decoded time frame data signal. The
reception time counter 140 upcounts further whenever the
reception bit counter 139 overtlows indicating completion of
reception of a time frame data signal. In an embodiment the
reception counters 136 and transmission counters 130 are
implemented as down counters. In this embodiment the
counters reloaded with maximum expected count value
when the counters counts down to zero. The zero value of
the counters 1s used as the signal to start down count the next
counter.

The reception time generation module 118 comprises the
reception counters 136 and a reception time measurement
module 141. The reception time measurement module 141
computes the reception time measurement by using the
receive code phase, the number of chips 1n the reception chip
counter 137, the number of code periods in the reception
code boundary counter 138, and the number of bits in the
reception bit counter 139 latched on the generation of the

latch measurement signal by the latch epoch generation
module 119.

The latch epoch generation module 119 generates the
latch measurement signal on overtlow of the reception chip
counter 137, the reception code boundary counter 138, or the
reception bit counter 139 for generating the transmission
time measurement ol the transmit channel 105 and the
reception time measurement ol the receive channel. The
latched transmit code phase, the chip count, the code bound
ary count and the bit count in the reception code numerically
controlled oscillator 1175 and the reception counters 136
together gives the reception time measurement 1n the receive
channel 111. Mathematically, the transmission time mea-
surement Rx_time 1s computed as:

Rx_time=Rx_frame+Rx_BitCount*Bit_period+
Rx_CodeBoundCount*Code_Period+
Rx_ ChipCount®*Chip_Period+
Rx_CodePhase*Chip_Period/2”, where

Rx_frame 1s the number of frames, which correspond to
number of seconds in this example, where one frame 1s of
the duration one second, counted in the reception time
counter 140.

Rx BitCount 1s the number of bits of the intermediate
frequency time data samples counted in the reception bit
counter 139.

Bit_period 1s the period of a bit of the intermediate fre-
quency time data samples.

Rx_CodeBoundCount 1s the number of code periods
counted 1n the reception code boundary counter 138.
Code_Period 1s the code period of the replica pseudorandom
code.

Rx_ChipCount 1s the number of chips of the replica pseu-
dorandom code counted 1n the reception chip counter 137.
Chip_Period 1s the duration of a current chip of the pseu-
dorandom code compensated for the code Doppler.
Rx_CodePhase 1s the recerve code phase of the transmission
code NCO of length N expressed as a binary number.

N 1s the length of the receive code phase word.

The time interval measurement module 123 computes
difference between the time imnformation 1n the transmitted
radio frequency signal and the received radio frequency
signal by determining a difference between the computed
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transmission time measurement and the computed reception
time measurement as time interval measurement TIC Mea-

surement;:

TIC Measurement=7Ix time-Rx time

The time 1nterval transmission module 124 transmits the
computed time interval measurement to the remote ground
station based on a station i1dentifier present 1n the received
intermediate frequency signal via a dedicated wired link or
a wireless link between the remote ground station and the
central ground station.

The time interval measurement code-division multiple
access (CDMA) transceivers 100 at each of the participating
ground stations involved in two-way satellite time and
frequency transter (TWSTFT) transmit binary phase shiit
keying modulated signal containing pseudorandom codes.
The digital phase modulation 1s synchronous with a local
clock 1n the time 1nterval measurement CDMA transceiver
100. In an embodiment, the time interval measurement
CDMA transcerver 100 at a central ground station generates
1-pulse per second (1-PPS) epoch synchronous with the
generated spread signal 1n the transmit channel 105 of the
central ground station which 1s indicative of the periodic
1-second epoch of the time maintained at the central ground
station. In this embodiment, the receive channel 111 of the
time interval measurement CDMA transceiver 100 corre-
lates an i1ncoming binary phase shift keying modulated
signal with a replica pseudorandom code and regenerates the
1-PPS epoch of the remote ground station that transmitted
the binary phase shift keying modulated signal. The time
interval measurement module 123 of the time interval mea-
surement CDMA transceiver 100 determines time difference
between 1-PPS epoch transmitted from the transmit channel

105 and the 1_PPS epoch regenerated 1n the receive channel
111 using a dedicated time interval counter. The time 1nter-
val measurements are generated by taking the difference of
simultaneously latched phases of the transmission code
numerically controlled oscillator 10756 and the reception
code numerically controlled oscillator 1175 used to generate
the pseudorandom code 1n the transmit channel 105 and the
replica pseudorandom code 1n the receive channel 111, at a
demodulated 1-PPS epoch regenerated 1n the receive chan-
nel 111. The central ground station and the remote ground
station periodically exchange the time diflerence for calcu-
lating time oflset between the central ground station and the
remote ground station.

The time interval measurement code-division multiple
access (CDMA) transceiver 100 disclosed herein provides
an 1mprovement i1n two-way satellite time and frequency
transfer (ITWSTFT) and satellite ranging applications as
follows. The CDMA transceiver 100 has a theoretical mea-
surement resolution of the order of 2e-16 seconds for a

chipping rate Fc of 1.023 MHz and 32 bit NCOs, given by
1/(Fc*2°%) in both the transmit channel 105 and each of the
receive channels 111 and 120. The function of the time
interval counter 1s 1mplemented as a part of the signal
generation and modulation of the intermediate frequency
signal and demodulation and digital signal processing of the
received intermediate frequency signal. The number of
programmable parallel receive channels 111 and 120 for
receiving time information from remote ground stations 1s
increased and simultancous high resolution time interval
measurements for each of the receive channels 111 and 120
are feasible. Therefore, the hardware size of the CDMA

transceiver 100 for time interval measurements 1s reduced
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and lower power consumption by the time interval measure-
ment CDMA transceirver 100 for multiple receive channels
111 and 120 1s achieved.

FIG. 3 exemplarily 1illustrates a high level architectural
diagram of an embodiment of the time interval measurement
code-division multiple access (CDMA) transceiver 100
comprising a transmit channel 105 and a receive channel 111
implemented on a field programmable gate array (FPGA)
104. As exemplarily illustrated, the FPGA 104 1s commu-
nicatively coupled to the processor 121, the memory umit
122, binary phase shift keying modulator 128, and the
external iterface unit 129. The processor 121 functions 1n
synchronous with a processor clock 142 and the FPGA 104,
the binary phase shift keying modulator 128, and the exter-
nal interface unit 129 function in synchronous with the clock
manager 102 1n the FPGA. The binary phase shiit keying
modulator 128 generates the modulated intermediate ire-
quency signal that 1s, further, passed through an intermediate
frequency filter and frequency up-converter 143 for conver-
s1on to a radio frequency signal to be transmitted to remote
ground station via an external interface. The intermediate
frequency filter of the intermediate frequency filter and
frequency converter 143 restricts bandwidth of the modu-
lated 1intermediate frequency signal to an allocated band-
width. The receive channel 111 receives the intermediate
frequency time data samples from the external interface unit
129. The external interface unit 129 receives the radio
frequency signal from the remote ground station via an
external interface. The external interface unit 129 comprises
a radio frequency filter and frequency down converter 129a
that filters and down converts the received radio frequency
signal to the mtermediate frequency signal, an analog to
digital converter 1296 that converts the down converted
intermediate frequency signal to the mtermediate frequency
time data samples.

In an embodiment, the transmit channel 105 comprises a
carrier mixer for multiplying the generated spread signal
with an intermediate frequency carrier signal generated
using a carrier signal generator, and a sine and cosine
lookup. The output of the carrier mixer 1s up converted using
a ITrequency up-converter and transmitted as a radio ire-
quency signal to the remote ground station. In this embodi-
ment, the binary phase shift keying modulator 128 1s absent
and the binary phase shift keying modulator 128 and the
intermediate frequency filter are replaced by the carrier
mixer.

FIG. 4 exemplanly illustrates a high level architectural
diagram of an embodiment of the time interval measurement
code-division multiple access (CDMA) transceiver 100
comprising a transmit channel 105, a recerve channel 111, an
intermediate frequency filter 143a, and a binary phase shiit
keying modulator 128 implemented on a field programmable
gate array (FPGA) 104. The intermediate frequency filter
143a and frequency converter exemplarily illustrated 1in
FIG. 3 1s partially implemented on the FPGA 104. The
binary phase shift keying modulator 128 and the interme-
diate frequency filter 143a are implemented on the FPGA
104 and the frequency up-converter 1435 1s communica-
tively coupled to the FPGA 104. The external interface unit
129 1s communicatively coupled to the FPGA 104.

FIG. 5 exemplanly illustrates a high level architectural
diagram of an embodiment of the time interval measurement
code-division multiple access (CDMA) transceiver 100
comprising a processor 121, a transmit channel 105, a
receive channel 111, an intermediate frequency filter 143a,
and a binary phase shift keying modulator 128 implemented
on a chip 501. The binary phase shift keying modulator 128
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and the intermediate frequency filter 143q are implemented
on the chip 501 along with the processor 121 and the
memory unit 122 and the frequency-up converter 1435 are
communicatively coupled to the chip 501. The external
interface unit 129 1s communicatively coupled to the chip
501.

FIG. 6 exemplarily illustrates a structure of a time frame
data signal to be transmitted to one or more remote ground
stations by the transmit channel 105 that determines length
of the transmission counters 130. As exemplarily 1llustrated,
the time frame data signal of 1-second period consists of 500
bits. That 1s, the transmit channel 105 transmits the time
frame data signal at a rate of 500 bits/second. This results 1n
transmission of 1 bit 1n 2 milliseconds. Therefore, each bit
of the time frame data signal 1s of 2 code periods of the
pseudorandom code generated by the transmission pseudo-
random code generation module 107. A code period of the
pseudorandom code 1s 1 millisecond and the transmission
pseudorandom code generation module 107 generates the
pseudorandom code of 1023 chips with periodicity of 1
millisecond as a chipping rate of the transmission pseudo-
random code generation module 107 1s 1.023 MHz, that 1s,
1023000 chips per second. The transmission pseudorandom
code generation module 107 comprising a LFSR based code
generator clocked at 1.023 MHz from a transmission code
numerically controlled oscillator 1075 generates 1023 chips
for every 1 millisecond.

Based on the structure of the time frame data signal, the
length of the transmission counters 130 1s selected. There-
fore, for 1023 chips of the pseudorandom code, a chip
counter of 10 bits length 1s suflicient. The length of the code
boundary counter 1s 1 bit and the length of the bit counter 1s
9 bits. Furthermore, the bit counter 1s required to count only
upto 500 bits mstead of 512 bits that a 9-bit counter can
count upto, extra decoding logic 1s required to decode the
counter state when 1t upcounts to 3500. The output of
decoding logic 1s a signal that upcounts the time counter. For
generating the pseudorandom code of 1023 chips at a
chipping rate F_ of 1.023 MHz from a sampling clock of F_
Hz, the code phase increment word of the code numerically
controlled oscillator 1075 1s required to be incremented by
F /F *2% counts every sampling clock. The length of the
transmit and correspondingly the receive code NCO length
N 1s chosen depending on the desired code phase resolution
which is given by (1/(2V*F ) seconds. Therefore for a code
phase measurement resolution of 2e-16 seconds, N 1s
rounded oif to a value of 32

Consider an example where a time frame data signal
exemplarily illustrated in FIG. 6 1s being transmitted to a
remote ground station by the transmit channel 1035. The
transmit channel 105 generates the transmission time mea-
surement on reception of a latch measurement signal gen-
erated by the latch epoch generation module 119. Consider
the latch measurement signal is generated when 47 bit of the
time frame data signal 1s being transmitted and the time
frame data signal i1s transmitted for the eighth time. The
value of the number of seconds corresponding to one second
per frame 1s counted 1n the transmission time counter 131,
Tx frame 1s 7 seconds since the transmission time counter
131 upcounts on completion of transmission of the time
frame data signal. Until the latch measurement signal is
received, the number of bits counted 1n the transmission bit
counter 132, Tx_BitCount 1s 3. The period of a bit of the
time Irame data signal, Bit_period i1s 2 muillisecond as
exemplarily illustrated in FIG. 6. Consider that the number
ol code periods counted 1n the transmission code boundary
counter 133, Tx_CodeBoundCount 1s 0. The code period of
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the pseudorandom code 1s 1 millisecond. Consider the
number of chips of the pseudorandom code counted 1n the
chip counter 1s 520. The duration of a chip of the pseudo-
random code 1s 1/1.023e6 seconds. Consider the transmit
code phase of the transmission code numerically controlled
oscillator 1075 1s 12345. The transmission time measure-
ment 1s, therefore, given as:

Ix_time=Ix_frame+7x BitCount*Bit_period+
Ix_CodeBoundCount*Code_Period+
Ix_ChipCount*Chip_Period+
Tx CodePhase*Chip_Period/2%

Tx_time=743%2e-340%1e-3+520%(1/1.023e6)+12345*
(1/1.023e6)/2°2

Similarly, the reception time measurement Rx_time 1s
generated by the recerve channel 11 as disclosed in the
detailed description of FIG. 2. The Chip_Period to be
considered 1n the Rx Time calculation needs to be
accounted for the code Doppler frequency. The time interval

L [

measurement module 123 then computes the difference
between the transmission time measurement and the recep-

tion time measurement.

FIG. 7 exemplanly illustrates a timing diagram showing
latching of transmit code phase words and receive code
phase words by the transmit channel 105 and the receive
channel 111 of the time 1nterval measurement code-division
multiple access (CDMA) transceiver 100 on generation of
the latch measurement signal 1n the receive channel 111 for
the structure of the time frame data signal exemplarily
illustrated 1 FIG. 6. The latch measurement signal 1is
generated by the latch epoch generation module 119, for
example, on overtlow of the reception chip counter 137 on
upcounting upto 1023 chips. The time instant at which the
latch measurement signal 1s generated i1s indicated as a
“latch instant TOL” 1 FI1G. 7. The transmaission chip counter
134 and the reception chip counter 137 upcounts upto 1023
chips and then overflows. The transmit code phase and the
receive code phase increase upto 2% for every chip of the
pseudorandom code and the replica pseudorandom code.
The time of arrival of the actual signal indicated as “TOA”
in the recerve channel 111, may lie anywhere between two
sampling 1nstants. But the receive code phase overtlows
above 2 and rolls over to a new receive code phase value
only at the next sampling instant

The roll-over of chip count in the reception chip counter
137 from 1023 to 1, also happens at the next sampling
instant. This sampling instant i1s the “Latch instant and
indicated by “TOL” the time of latch. The delay in latching
of the reception measurement i1n the receive channel 111
given by TOL-TOA, 1s the same 1n both the transmit channel
105 and the receive channel 111. Therefore, when a differ-
ence between the transmit code phases and the receive code
phases 1s taken, the common oflfset of TOL-TOA gets
removed giving a very accurate measure of time difference
between the transmission time measurement and the receive
time measurement. Since the difference of the transmait code
phases and the receive code phases 1s taken, the precision of
the transmission time measurement and the reception time
measurement is of the order of 1/(Fc*2"), where Fc is the
chupping rate of the pseudorandom code and the replica
pseudorandom code and N 1s the length of the transmit code
phase word and the receive code phase word. In another
embodiment, the length of the transmit and receive code
NCOs could be different from each other. The time interval
measurement, exemplarily i1llustrated 1n FIG. 7, 1s generated
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as hall of the difference between the transmission time
measurement (Ix_time) and the reception time measure-
ment (Rx_time).

TIC, . . ~(Ix_time,—-Rx timez )/2

The Tx_time . and Rx_time ,_ are the latched code
phases of the transmit channel and receive channels respec-
tively, as exemplarily 1llustrated 1n FIG. 7.

FIGS. 8 A-8B 1illustrate a method for performing two-way
satellite time and frequency transfer and satellite ranging
continuously. In the method disclosed herein, a time interval
measurement transceiver 100 implementing code-division
multiple access (CDMA), positioned in a central ground
station comprising a clock manager 102, a transmit channel
105, multiple recerve channels 111 and 120, and at least one
processor 121 executing computer program instructions
defined by modules 123, 124, 125, 126, and 127 of the time
interval measurement transceiver 100 1s provided 801. The
clock manager 102 generates 802 a sampling clock for
transmitting a modulated intermediate frequency signal and
performing baseband processing of one or more mtermedi-
ate Ifrequency signals received from one or more remote
ground stations. A first mixer 106 of the transmit channel
105 generates 803 a spread signal that 1s digitally phase
modulated to generate and transmit the modulated 1nterme-
diate frequency signal by multiplying a time frame data
signal with a pseudorandom code generated by a transmis-
sion pseudorandom code generation module 107 i the
transmit channel 105.

A transmission time generation module 108 generates 804
a transmission time measurement on latching of a transmut
code phase of the pseudorandom code, and a number of
chips of the pseudorandom code, a number of code periods
of the pseudorandom code, and a number of bits 1n the time
frame data signal upcounted in transmission counters 130
when a latch measurement signal 1s recerved from a latch
epoch generation module 119 1n each of the receive channels
11 and 120. In each of the receive channels 111 and 120, an
acquisition and tracking module 112 in each of the receive
channels 111 and 120 acquires and tracks 805 received
intermediate frequency signal from each of the remote
ground stations. One or more second mixers 113a and 1135
receive 806 intermediate frequency time data samples from
an external interface unit 129 of the time 1nterval measure-
ment CDMA transceiver 100 and generate inphase compo-
nents and quadrature phase components of the receirved
intermediate frequency time data samples by mixing the
received intermediate frequency time data samples with a
carrier reference signal locally generated by a single local
carrier generator 114. Multiple correlators 116 1n each of the
receive channels 111 and 120 correlate 807 the pseudoran-
dom code 1n the received intermediate frequency time data
samples during tracking, by multiplying and accumulating
cach of the generated inphase components and the generated
quadrature phase components of the received intermediate
frequency time data samples by multiple correlators 116
with three or more arms of a replica pseudorandom code
generated by a reception pseudorandom code generation
module 117.

In each of the receive channels 111 and 120, a reception
time generation module 118 generates 808 a reception time
measurement on latching a receive code phase of the replica
pseudorandom code, and a number of chips of the replica
pseudorandom code, a number of code periods of the replica
pseudorandom code, and a number of bits 1n the interme-
diate frequency time data samples in multiple reception
counters 136 when the latch measurement signal 1s received
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from the latch epoch generation module 119 of the corre-
sponding receive channel. The latch epoch generation mod-
ule 119 generates 809 the latch measurement signal on
overtlow of one of the reception counters 136 for generating
the transmission time measurement of the transmit channel
105 and the reception time measurement ol each of the
receive channels 111 and 120.

A time 1interval measurement module 123 of the time
interval measurement code-division multiple access
(CDMA) transceiver 100 executed by the processor 121
computes 810 a time interval measurement as half of a
difference between the generated transmission time mea-
surement and the reception time measurement generated by
cach of the receive channels 111 and 120. A time interval
transmission module 124 of the time interval measurement
CDMA ftransceiver 100 executed by the processor 121
transmits 811 the computed time interval measurement to
cach of the remote ground stations via the transmit channel
105 based on a station identifier of each of the remote
ground stations present 1 the received intermediate fre-
quency signal via a dedicated wired link or a wireless link
between each of the remote ground stations and the central
ground station.

The foregoing examples have been provided merely for
explanation and are in no way to be construed as limiting of
the method and the time interval measurement code-division
multiple access (CDMA) transceiver 100 disclosed herein.
While the method and time interval measurement CDMA
transceiver 100 have been described with reference to vari-
ous embodiments, 1t 1s understood that the words, which
have been used herein, are words of description and illus-
tration, rather than words of limitation. Furthermore,
although the method and the time interval measurement
CDMA transcetver 100 have been described herein with
reference to particular means, materials, and embodiments,
the method and the time interval measurement CDMA
transceiver 100 are not intended to be limited to the par-
ticulars disclosed herein; rather, the method and the time
interval measurement CDMA transceiver 100 extend to all
tfunctionally equivalent structures, methods and uses, such as
are within the scope of the appended claims. While multiple
embodiments are disclosed, it will be understood by those
skilled 1n the art, having the benefit of the teachings of this
specification, that the method and the time interval mea-
surement CDMA transceiver 100 disclosed herein are
capable of modifications and other embodiments may be
cllected and changes may be made thereto, without depart-
ing from the scope and spirit of the method and the time
interval measurement CDMA transceiver 100 disclosed
herein.

We claim:

1. A time mterval measurement transceiver implementing
code division multiple access, positioned 1n a central ground
station for performing two-way satellite time and frequency
transier and satellite ranging, said time measurement trans-
celver comprising:

a clock manager for generating a sampling clock for
transmitting a modulated imntermediate frequency signal
and performing baseband processing of an intermediate
frequency signal received from one or more remote
ground stations;

a transmit channel operably coupled to said clock man-
ager for generating a spread signal that 1s digitally
phase modulated to generate and transmit said modu-
lated intermediate frequency signal, said transmit chan-
nel comprising:
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a first mixer operably coupled to a transmission pseu-
dorandom code generation module for generating
said spread signal by multiplying a time frame data
signal with a pseudorandom code generated by said
transmission pseudorandom code generation mod-
ule; and

a transmission time generation module for generating a
transmission time measurement on latching of a
transmit code phase of said pseudorandom code, and
a number of chips of said pseudorandom code, a
number of code periods of said pseudorandom code,
and a number of bits 1n said time frame data signal
upcounted 1n a plurality of transmission counters
when a latch measurement signal 1s received from a
latch epoch generation module 1n each of receive

channels;
said receive channels operably coupled to said clock
manager, each of said receive channels comprising:
an acquisition and tracking module for acquiring and
tracking said intermediate frequency signal received
from said one or more remote ground stations;

one or more second mixers for recerving intermediate
frequency time data samples from an external inter-
face unit and generating inphase components and
quadrature phase components of said received inter-
mediate frequency time data samples by mixing said
received intermediate frequency time data samples
with a carrier reference signal locally generated by a
local carrier generator of each of said receirve chan-
nels, wherein said intermediate frequency time data
samples correspond to said received intermediate
frequency signal;

a plurality of correlators for correlating a pseudoran-
dom code 1n said received intermediate frequency
time data samples by multiplying and accumulating
cach of said generated inphase components and said
generated quadrature phase components of said
received mntermediate frequency time data samples
with three or more arms of a replica pseudorandom
code generated by a reception pseudorandom code
generation module;

a reception time generation module for generating a
reception time measurement on latching a receive
code phase of said replica pseudorandom code, and
a number of chips of said replica pseudorandom
code, a number of code periods of said replica
pseudorandom code, and a number of bits 1n said
intermediate frequency time data samples 1 a plu-
rality of reception counters when said latch measure-
ment signal 1s received from said latch epoch gen-
eration module; and

said latch epoch generation module for generating said
latch measurement signal on overtlow of one of said
reception counters for generating said transmission
time measurement of said transmit channel and said
reception time measurement of each of said receive
channels; and

at least one processor communicatively coupled to said
clock manager, said transmit channel, and said receive
channels, said processor configured to execute com-
puter program instructions defined by modules of said
time interval measurement transceiver, said modules of
said time interval measurement transceiver comprising:

a time 1nterval measurement module for computing a
time interval measurement as half of a difference
between said generated transmission time measure-
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ment and said reception time measurement generated
by each of said receive channels; and
a time 1nterval transmission module for transmitting
said computed time 1nterval measurement to each of
said remote ground stations via said transmit channel
based on a station identifier of each of said remote
ground stations via one of a dedicated wired link and
a wireless link.
2. The time 1nterval measurement transceiver of claim 1,

wherein said transmission time generation module com-
Prises:

said transmission counters comprising:

a transmission chip counter for upcounting a number of
chips of said pseudorandom code generated by said
transmission pseudorandom code generation module
operating at said sampling clock, wherein an over-
flow of said transmission chip counter indicates a
code period;

a transmission code boundary counter for upcounting a
number of code periods indicated by said overtlow of
said transmission chip counter;

a transmission bit counter for upcounting a number of
bits 1 said time frame data signal, wherein an
overtlow of said transmission bit counter indicates
completion of transmission of said time frame data
signal to said remote ground stations; and

a transmission time counter for upcounting on said
completion of said transmission of said time frame
data signal to said remote ground stations; and

a transmission time measurement module for computing

said transmission time measurement by using said
latched transmit code phase, a latched number of chips
in said transmission chip counter, a latched number of
code periods 1n said transmission code boundary coun-
ter, a latched number of bits 1n said transmission bit
counter and a latched transmission time in said trans-
mission time counter.

3. The time 1nterval measurement transceiver of claim 2,
wherein said modules executed by said at least one proces-
sor further comprise an nitialization module for mitializing
said transmission time counter with a time value 1n synchro-
nization with a pulse per second signal generated by an
external reference time source, wherein said 1nitialization
module programs said transmission pseudorandom code
generation module to generate said pseudorandom code, and
wherein said initialization module programs said reception
pseudorandom code generation module to generate said
replica pseudorandom code.

4. The time 1interval measurement transceiver of claim 3,
where said imitialization module further initializes a non-
transitory computer readable storage medium of said time
interval measurement transceiver with time frame data bits
of said time frame data signal prior to transmission of said
time frame data signal as said modulated intermediate
frequency signal, and phase synchronizes start of said time
frame data signal and start of a code boundary of said
pseudorandom code with a pulse per second signal gener-
ated by said external reference time source.

5. The time interval measurement transceiver of claim 1,
wherein said reception time generation module comprises:

said reception counters of each of said receive channel

COmprises:

a reception chip counter for upcounting a number of
chips of said replica pseudorandom code generated
by said reception pseudorandom code generation
module:
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a reception code boundary counter for upcounting a
number of code periods of said replica pseudoran-
dom code indicated by overtlow of said reception
chip counter;

a reception bit counter for upcounting a number of bits
of a frame 1n said mtermediate frequency time data
samples, wherein an overtlow of said reception bit
counter indicates completion of reception of time
frame data; and

a reception time counter for upcounting on completion
of said reception of said time frame data; and

a reception time measurement module for computing
said reception time measurement by using said
latched receive code phase of said replica pseudo-
random code, a latched number of chips 1n said
reception chip counter, a latched number of code
periods 1n said reception code boundary counter, a
latched number of bits 1n said reception bit counter,
and a latched reception time 1n said reception time
counter.

6. The time 1nterval measurement transceiver of claim 5,
wherein said latch epoch generation module generates said
latch measurement signal on overtlow of one of said recep-
tion chip counter, said reception code boundary counter, and
said reception bit counter for generating said transmission
time measurement of said transmit channel and said recep-
tion time measurement of each of said receive channels.

7. The time interval measurement transceiver of claim 1,
further comprising a binary phase shift keying modulator
communicatively coupled to said transmit channel for digital
phase modulation of said generated spread signal and gen-
erating said modulated intermediate frequency signal to be
transmitted to each of said remote ground stations via an
intermediate frequency filter and a frequency up-converter.

8. The time interval measurement transceiver of claim 1,
further comprising a carrier mixer for multiplying and up
converting said generated spread signal with an intermediate
frequency carrier signal generated using a carrier signal
generator, a sine and cosine lookup and a frequency up-
converter and transmitting a radio frequency signal to each
of said remote ground stations.

9. The time interval measurement transceiver of claim 1,
wherein said external interface unit comprises a radio ire-
quency filter and a frequency down converter for conversion
of a radio frequency signal received from said one or more
remote ground stations to said intermediate frequency sig-
nal.

10. The time interval measurement transceiver of claim 1,
wherein said latch epoch generation module generates said
latch measurement signal for generating said transmission
time measurement of said transmit channel and said recep-
tion time measurement of one of said recerve channels
independent of another of said receive channels.

11. The time interval measurement transceiver of claim 1,
wherein said modules executed by said at least one proces-
sor further comprise a ranging module for said satellite
ranging by measuring time required for said modulated
intermediate frequency signal to traverse a path to and from
a satellite and converting said measured time to a distance
between said satellite and said time interval measurement
transceiver using a formula:

(distance between said satellite and said time inter-

val measurement transceirver)=[(measured time)
*(a velocity of light)]/2.

12. The time interval measurement transceiver of claim 1,
wherein said transmit channel further comprises an encryp-
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tion and hash generation module for encrypting said time
frame data signal and each of said receive channels further
comprises a decryption and authentication module {for
decrypting and authenticating said time frame data signal.

13. The time 1interval measurement transceiver of claim 1,
wherein said transmission pseudorandom code generation
module and said reception pseudorandom code generation
module further comprise pseudorandom code generators
respectively, wherein said pseudorandom code generators
are one of a linear feedback shilit register based code
generator and a programmable memory code based code
generator.

14. A method for performing time interval measurement
in two-way satellite time and frequency transfer and satellite
ranging, said method comprising:

providing a time interval measurement transceiver imple-
menting code division multiple access, positioned 1n a
central ground station comprising;

a clock manager;

a transmit channel comprising a first mixer, a transmission
pseudorandom code generation module, and a trans-
mission time generation module;

a plurality of receive channels, each of said receive
channels comprising one or more second mixers, an
acquisition and tracking module, a plurality of correla-
tors, a reception pseudorandom code generation mod-
ule, a reception time generation module, and a latch
epoch generation module; and

at least one processor executing computer program
instructions defined by modules of said time interval
measurement transceiver;

generating a sampling clock for transmitting a modulated
intermediate frequency signal and performing base-
band processing of an intermediate frequency signal
received from one or more remote ground stations by
said clock manager;

generating a spread signal that 1s digitally phase modu-
lated to generate and transmit said modulated interme-
diate frequency signal by said transmit channel by
multiplying a time frame data signal by said first mixer
of said transmit channel with a pseudorandom code
generated by said transmission pseudorandom code
generation module;

generating a transmission time measurement on latching
of a transmit code phase of said pseudorandom code,
and a number of chips of said pseudorandom code, a
number of code periods of said pseudorandom code,
and a number of bits 1n said time frame data signal
upcounted 1n a plurality of transmission counters by
said transmission time generation module when a latch
measurement signal 1s recerved from said latch epoch
generation module 1 each of said receive channels;

acquiring and tracking said received intermediate ire-
quency signal by said acquisition and tracking module;

receiving intermediate frequency time data samples from
an external interface unit of said time 1nterval measure-
ment transceiver and generating inphase components
and quadrature phase components of said received
intermediate irequency time data samples by mixing
said recerved intermediate frequency time data samples
in said one or more second mixers with a carrier
reference signal locally generated by a local carrier
generator of each of said recerver channels;

correlating a pseudorandom code 1n said received inter-
mediate frequency time data samples by multiplying
and accumulating each of said generated imphase com-
ponents and said generated quadrature phase compo-
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nents of said received intermediate frequency time data
samples by said plurality of correlators with three or
more arms ol a replica pseudorandom code generated
by said reception pseudorandom code generation mod-
ule:
generating a reception time measurement by said recep-
tion time generation module on latching a receive code
phase of said replica pseudorandom code, and a num-
ber of chips of said replica pseudorandom code, a
number of code periods of said replica pseudorandom
code, and a number of bits 1n said intermediate fre-
quency time data samples 1n a plurality of reception
counters when said latch measurement signal 1s
received from said latch epoch generation module;

generating said latch measurement signal on overtlow of
one ol said reception counters for generating said
transmission time measurement of said transmit chan-
nel and said reception time measurement ol each of
said receive channels by said latch epoch generation
module:

computing a time interval measurement as half of a

difference between said generated transmission time
measurement and said reception time measurement
generated by each of said receive channels, by a time
interval measurement module of said time interval
measurement transceiver executed by said at least one
processor; and

transmitting said computed time interval measurement to

cach of said remote ground stations via said transmit
channel based on a station identifier of each of said
remote ground stations via one of a dedicated wired
link and a wireless link by a time interval transmission
module of said time interval measurement transceiver
executed by said at least one processor.

15. The method of claim 14, wherein said generating of a
transmission time measurement by said transmission time
generation module comprises:

upcounting a number of chips of said pseudorandom code

generated by said transmission pseudorandom code
generation module operating at said sampling clock by
a transmission chip counter of said transmission coun-
ters, wherein an overtlow of said transmission chip
counter 1ndicates a code period;

upcounting a number of code periods idicated by said

overtlow of said transmission chip counter by a trans-
mission code boundary counter of said transmission
counters;
upcounting a number of bits 1n said time frame data signal
by a transmission bit counter of said transmission
counters, wherein an overflow of said transmission bit
counter 1ndicates completion of transmission of said
time frame data signal to said remote ground stations;

upcounting a transmission time counter of said transmis-
sion counters on said completion of said transmission
of said time frame data signal to said remote ground
stations, and

computing said transmission time measurement by using,

said latched transmit code phase, a latched number of
chips 1 said transmission chip counter, a latched
number ol code periods 1 said transmission code
boundary counter, a latched number of bits 1 said
transmission bit counter, and a latched transmission
time 1n said transmission time counter, by a transmis-
sion time measurement module.

16. The method of claim 13, further comprising 1nitializ-
ing said transmission time counter with a time value 1n
synchronization with a pulse per second signal generated by
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an external reference time source by an 1nitialization module
executed by said at least one processor, further comprising
programming said transmission pseudorandom code genera-
tion module to generate said pseudorandom code by said
initialization module, and further comprising programming
said reception pseudorandom code generation module to
generate said replica pseudorandom code by said 1nitializa-
tion module.
17. The method of claam 16, wherein said i1nitialization
module programs a bufler 1n said transmit channel with time
frame data bits of said time frame data signal prior to
transmission of said time frame data signal as a modulated
intermediate frequency signal, and wherein a field program-
mable gate array logic phase synchronizes start of said time
frame data signal and start of said chips of said pseudoran-
dom code with a pulse per second signal generated by said
external reference time source.
18. The method of claim 14, wherein said generating of
said reception time measurement by said reception time
generation module comprises:
upcounting a number of chips of said replica pseudoran-
dom code generated by said reception pseudorandom
code generation module by a reception chip counter of
said reception counters, wherein an overtlow of said
reception chip counter indicates a code period;

upcounting a number of code periods indicated by said
overtlow of said reception chip counter by a reception
code boundary counter of said reception counters;

upcounting a number of bits of a frame in said time frame
data signal by a reception bit counter of said reception
counters, wherein an overflow of said reception bit
counter indicates completion of reception of time frame
data;

upcounting a reception time counter of said reception

counters on completion of said reception of said time
frame data; and

computing said reception time measurement by using said

latched receive code phase of said replica pseudoran-
dom code, a latched number of chips in said reception
chip counter, a latched number of code periods 1n said
reception code boundary counter, a latched number of
bits 1n said reception bit counter, and a latched recep-
tion time in said reception time counter, by reception
time measurement module.

19. The method of claim 14, further comprising generat-
ing said modulated intermediate frequency signal to be
transmitted to each of said remote ground stations via an
intermediate frequency filter and a frequency up converter
alter performing said digital phase modulation of said gen-
erated spread signal in a binary phase shift keying modula-
tor.

20. The method of claim 14, further comprising multi-
plying and up converting said generated spread signal with
an intermediate frequency carrier signal generated using a
carrier signal generator, a cosine lookup, and a frequency
up-converter and transmitting a radio frequency signal to
cach of said remote ground stations.

21. The method of claim 14, wherein said latch epoch
generation module latches said transmission time measure-
ment of said transmit channel and said reception time
measurement of one of said receive channels independent of
another of said receive channels.

22. The method of claim 14, further comprising measur-
ing time required for said modulated intermediate frequency
signal to traverse a path to and from a satellite and convert-
ing said measured time to a distance between said satellite
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and said time interval measurement transceiver by a ranging
module for said satellite ranging using a formula:

(distance between said satellite and said time inter-

val measurement transceirver)=[(measured time)
*(a velocity of light)]/2.

23. The method of claim 14, further comprising encrypt-
ing and adding hash to said time frame data signal by an
encryption module and hash generation module executed by
said at least one processor and decrypting and authenticating
said time frame data signal by a decryption and authentica-
tion module executed by said at least one processor.

24. The method of claim 14, wherein said transmission
pseudorandom code generation module and said reception
pseudorandom code generation module further comprise
pseudorandom code generators respectively, wherein said
pseudorandom code generators are one of a linear feedback
shift register based code generator and a programmable
memory code based code generator.

25. A time interval measurement transceiver implement-
ing code division multiple access, positioned 1n a remote
ground station for performing two-way satellite time and
frequency transier and satellite ranging, said time measure-
ment transcelver comprising:

a clock manager for generating a sampling clock for
transmitting a modulated intermediate frequency signal
and performing baseband processing of an intermediate
frequency signal received from a central ground sta-
tion;

a transmit channel operably coupled to said clock man-
ager for generating a spread signal that 1s digitally
phase modulated to generate and transmit said modu-
lated intermediate frequency signal, said transmit chan-
nel comprising:

a first mixer operably coupled to a transmission pseu-
dorandom code generation module for generating
said spread signal by multiplying a time frame data
signal with a pseudorandom code generated by said
transmission pseudorandom code generation mod-
ule; and

a transmission time generation module for generating a
transmission time measurement on latching of a
transmit code phase of said pseudorandom code, and
a number ol chips of said pseudorandom code, a
number of code periods of said pseudorandom code,
and a number of bits 1n said time frame data signal
upcounted 1n a plurality of transmission counters
when a latch measurement signal 1s received from a
latch epoch generation module in a receive channel;

said receive channel operably coupled to said clock
manager, said receive channel comprising:

an acquisition and tracking module for acquiring and
tracking said received intermediate frequency signal
from said central ground station;

one or more second mixers for receiving intermediate
frequency time data samples from an external inter-
face unmit and generating inphase components and
quadrature phase components of said received inter-
mediate frequency time data samples by mixing said
received mntermediate frequency time data samples
with a carrier reference signal locally generated by a
local carrier generator of said receive channel,
wherein said intermediate frequency time data
samples correspond to said received intermediate
frequency signal from said central ground station;

a plurality of correlators for correlating a pseudoran-
dom code 1n said received intermediate frequency
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time data samples by multiplying and accumulating time measurement of said transmit channel and said
each of said generated inphase components and said reception time measurement of said receive channel;
generated quadrature phase components of said and

at least one processor communicatively coupled to said
clock manager, said transmit channel, and said receive
channel, said processor configured to execute computer
program 1nstructions defined by modules of said time
interval measurement transceiver, said modules of said

recetved intermediate frequency time data samples
with three or more arms of a replica pseudorandom °
code generated by a reception pseudorandom code
generation module;

a reception time generation module for generating a time interval measurement transceiver comprising:
reception time measurement on latching a receive a time 1nterval measurement module for computing a
code phase of said replica pseudorandom code, and time interval measurement; and

a time 1nterval transmission module for transmitting
said computed time interval measurement to said
central ground station via said transmit channel via
one of a dedicated wired link and a wireless link.

26. The time interval measurement transceiver of claim

a number of chips of said replica pseudorandom
code, a number of code periods of said replica
pseudorandom code, and a number of bits 1 said
intermediate frequency time data samples 1 a plu- 15

rality of reception counters when said latch measure- 25, wherein said transmit channel further comprises an
ment signal 1s received from said latch epoch gen-  encryption and hash generation module for encrypting said
eration module; and time frame data signal and said receive channel further

comprises a decryption and authentication module {for

said latch epoch generation module for generating said _ S Sy, .
port & S v 20 decrypting and authenticating said time frame data signal.

latch measurement signal on overtlow of one of said
reception counters for generating said transmission I
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